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Underground Residential Distribution (URD) power cables are aged due to 
electrical, thermal, mechanical, and environmental stresses during their service. The 
recent dielectric conditions of the cables are of much interest for utilities. The existing 
offline diagnostic method requires forceful disconnection of the URD cable for
maintenance. Online recording and Fast Fourier Transform analysis of intentionally 
created transients in URD is one of the promising methods to assess the current condition
of the cable. For the larger goal of developing an online power cable condition 
assessment, the measurement techniques, which are required to be implemented, have to 
be evaluated. In order to implement the online measurement system, the requirements of 
the measurement system have to first be identified. URD system model was simulated 
using the Electro Magnetic Transient Program to identify the characteristics of induced 
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1.1 Importance of Online Diagnostic Methods of the URD System 
Underground Residential Distribution (URD) power cables are aged due to 
electrical, thermal, mechanical and environmental stresses during their service. The 
recent dielectric conditions of the cables are of much interest for utilities. Some
destructive and non-destructive methods are available to estimate the actual status of the 
cable insulation [20, 21]. These tests are based on AC sources of different frequency 
ranges, DC sources and impulse sources [26, 27]. The DC tests on cables are reported to 
stress the cable to unusual voltage stress because the DC potential causes many cables to 
fail during tests which will not fail under operating condition [31, 32, 33]. The VLF test 
does not simulate the stresses present in field conditions in the testing cable [35, 36]. To 
obtain a conclusive decision about the state of the cable insulation, a multitude of tests, 
specifically on-line, have to be performed [26]. One of the methods estimates the cable 
insulation condition by using Fast Fourier Transform (FFT) analysis of impulse wave 
propagation in URD cable systems [1, 9]. Offline methods such as transfer function, 
dielectric spectroscopy, and partial discharge methods are available to evaluate the 
condition of the cable [1, 6, 23, 7, 25, 34]. In frequency domain, division of voltage 
spectrum by current spectrum gives the transfer function [37]. It has been seen by various 






indicate location of fault, and changes in amplitude indicate the partial discharge 
activities [37, 38, 39, 1]. 
Mobile on-site cable diagnostic devices have been used to diagnose cables based 
on harmonic loss currents [10, 30]. There are many tests performed by various 
organizations on combined waveform testing of cables to access the degradation [17, 18, 
19, 22]. There are few online cable monitoring systems developed by superimposing DC 
voltage and by measuring the DC currents through ground connection for ungrounded, 
cross-linked polyethylene, XLPE cable systems [15, 16, 28].There are also few online 
testing apparatus designed for measuring the dielectric dissipation factor as a guidance of 
state of insulation [29]. The existing offline diagnostic method requires forceful 
maintenance removal of the cable from the URD to conduct diagnostic tests. Continuous 
online recording of transients in URD will help to monitor the current condition of 
electrical insulation. The assessment of the cables in URD helps utilities prioritize their 
scheduled maintenance work on the cable.  
1.2 Motivation
Smart grid vision requires prioritizing the scheduling of the maintenance on 
Underground Residential Distribution (URD) based on the condition of the cables of the
URD. In order to achieve this vision, the condition of the cables of URD has to be 
continuously assessed while they are in service. The cable insulation parameters of the 
cables have to be extracted without removing the cables from the service. Intentionally
inducing an acceptable transient in URD and recording the transients appearing at the 
various locations of the URD will extract the insulation parameters of the cables in the 







measurement system for live (online) connections and measurements is identified in this 
work. 
1.3 Outline of the Study 
For implementation of continuous online recording of transients in URD, proper
measurement technology needs to be identified in order to induce transients and to 
capture the transients along the length of the URD. Simulation was chosen as a tool to 
identify the characteristics of transients propagating in URD. By characterizing the 
transients using simulations, the necessary measuring equipments were identified and 
proper test plans were devised. 
In this study, a typical radial URD system was modeled by using EMTP for 
transient studies. Simulation of the non-energized system model was compared with 
transients recorded on an open-ended cable thumped at SDG&E. Based on the 
verification of the non-energized cable model, an energized URD was modeled in EMTP. 
Thumpers or pulse generators were modeled and simulated to induce transients in the 
model URD. The model was simulated for different thumper pulse voltage, energy, and 
operating conditions of the URD to identify the effect of various operating conditions on 
the nature of the transients.
Results of the simulations were used to identify the peak voltage, peak current, 
and the duration of the transients. Discrete Fourier analysis (DFT) was performed on the 
simulation results using MATLAB. Using the DFT, the frequency spectrum and the
bandwidth requirements were identified. Digital quantization noise, which will appear 






The simplified co-axial cable model representing the simulated cable was 
analyzed using MATLAB for travelling waves and related attenuation issues. Literature
review helped to identify the effects of various types of noise and different ways to 
mitigate noise issues for differential measurement. Based on the analysis of the 
simulations, measurement system’s connection methodology and test plan was devised 







2.1 Simplified Cable Model 
Figure 2.1 Cable Configuration 
A simplified cable of dimensions similar to the 1000 kcmil XLPE 600A cable is 
shown in Fig. 2.1. The effect of the internal stranded conductor is to reduce the skin 
effect at power frequency. The basic co-axial cable model was used for discussion of 
attenuation in the cable, and for conservative analysis, while the internal conductor in the 
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2.1.1 Cable Parameters 
The Specifications of the cable shown in Figure 2.1 are follows [2]:
Inner radius (d/2) = 14.1859 mm 
Outer radius (D/2) = 21.0439 mm 
Aluminium conductor conductivity  = 3.55 *  S/m 
Aluminium conductor relative permeability μ = 1 
Insulation relative permittivity  r = 2.3 
For the cable shown in Fig. 2.1, the Traverse Electro Magnetic (TEM) parameters 
were calculated as follows: 
Inductance calculation [4]: 
       
  H/m  Eq. 2.1 
 = 78.87      nH/m 
Capacitance calculation [4]:
        ˘ˇˆ  H/m  Eq. 2.2 
C = 0.3245 nF/m 
Velocity calculation [4]: 
˙  ˆ˝˛   °ˇ m/s  Eq. 2.3 
˜ = 198 *         m/s 
v = 198       m/μs 
v = 650 feet/μs 
Characteristic impedance [4]:
Z= !"   Eq. 2.4 





	  	  
	
2.1.2 Travelling wave model 
Any applied voltage on a conductor can be seen as a wave travelling on the 
conductors. Speed of the voltage and current travelling in conducting medium is 
governed by the material and geometric properties of the conducting medium and its 
surrounding medium. As the wave travels along the conductor, it gets attenuated 
depending upon the material property. In addition to attenuation, the waves get partially 
reflected at every discontinuity of impedance. Complete reflection occurs at termination
(open or short). After a significant number of reflections and attenuation, on maintaining 
steady state voltage application, standing wave voltage profiles are formed for AC, and a 
constant voltage profile (DC) is formed across the conductor length [3]. 
It was also observed that wave propagation parameters are different for different 
frequencies of waves imposed. 
A simple co-axial cable was considered for analysis of the travelling waves. The 
applied voltage of interest has characteristics of impulse voltage. The frequency domain 
of the applied impulse was resolved into different frequency components. Every 
frequency component can be represented as cosine waveform. Hence, attenuation along 
the length of the cable for each component can be computed by TEM mode analysis of 
the coaxial cable [4]. 
˜#$ %ˇ  &'(  "  )*+ , -. /0(ˇ  1  	23 
/&'  "  )*+ / -. /0 ˇ  123    Eq. 2.5 
Where 
v, voltage at any point in the length of conductor at any time in voltage, 
&'(, initial amplitude of voltage wave travelling at positive direction, 




    
         
         
  
 
+, time in second, 
., distance from reference, 
*, frequency in radian/second, 
, phase constant, 
0, reference phase,
4, attenuation constant 
In the TEM equation 2.5, 4.ˇ, the attenuation determines the level of signal 
attenuation along the length of the cable. Hence the attenuation factor plays a vital role in 
determining the strength of the signal along the cable. 
Attenuation factor was calculated as per Eq 2.6, as follows: 
4   5167˝5 /  8*˛ˇ9 /  8*°ˇˇ  Eq. 2.6 
Where, 
:  ! ; @ / A? in  /m  Eq. 2.7<=>  ? 
B   C<>D;EFGHI in S/m  Eq. 2.8JKL MN 
        ˘  O in F/m Eq. 2.9PQR MN 
@        
 A  in H/m  Eq. 2.10 
2.2 EMTP
The transients in the model Underground Residential Distribution (URD) can be 
analyzed using equations, simulations, and test setups. As first step, the test system was 







The transients can be analyzed by using equations governing time domain wave 
propagation. In this type of simulation, the medium is modeled for time domain 
differential equations, mostly with fixed lumped parameters. The propagating wave can 
be solved from the complex equations of the time domain model. This type of analysis is
straightforward, but is complex and very time consuming for systems of moderate 
complexity, which has much bifurcation in cables, as in the case of the radial feeder of 
SDG&E URD. 
The transients can also be analyzed by frequency domain simulations, based on 
frequency dependent model parameters, which are very good, though transferring results 
to time domain creates problem for fast transients. 
The simulations can also be analyzed by forming a frequency-dependent modal
transformation matrix and running time domain simulations using the matrix. By this 
method, all the components are modeled based on frequency dependent components, and 
at the same time direct time domain simulations are performed on every time step. 
The EMTP-RV software package was chosen based on its capability to solve 
5000 devices using the frequency-dependent modal transformation matrix driven time
domain simulation for step size in the order of nanoseconds. 
2.2.1 EMTP-RV model 
Two cables are modeled and prepared in the Electro Magnetic Transient Program
(EMTP-RV). A 152.4 meter 1000 kcmil XLPE cable is modeled for primary feeder. A 
91.44 meter 2/0 XLPE cable was modeled for branching feeder. Both cables are modeled 
based on the values provided by SDG&E data warehouse spreadsheet. The parameters of 









Different URD models were created and simulated during the progress of the 
project. The final URD model of 2895.6 meter long radial primary feeder with 9 
distribution feeder taps is simulated as shown in Fig. 2.2. 
Table 2.1 Cable Dimensions 
Cable name 1000 kcmil XLPE 2/0 XLPE 
Conductor 
radius 14.2 mm 5.15 mm 
Conductor type Aluminium Aluminium 
Insulation
thickness 6.9 mm 7.4 mm 
Dielectric 
constant 2.3 2.3 
Insulation loss 
factor 0.001 0.001 
Jacket type PE PE 
Outer radius 25.5 mm 14 mm 
Ampere capacity 600 A 200 A 





RESULTS AND ANALYSIS 
In order to identify the parameters of the transients which will appear in the URD 
system, the URD system was modeled and simulated in EMTP-RV. Fast Fourier 
Transform (FFT) was used to convert the simulation results to frequency spectrum. 
MATLAB was used to run FFT programs. With the help of the simulation results, the 
requirements of measuring instruments were outlined. The progress towards achieving 
simulation model of energized cable system is presented in following sections. 
3.1 Cable Model Simulation and Validation 
To construct a valid cable model, the frequency content of the data sample
provided by SDG&E was obtained using Fourier transformation, as shown in Fig. 3.1. 
The data provided by SDG&E consisted of a thumper test conducted on 30 m long XLPE 
insulated, aluminium conductor cable as shown in Fig. 3.1 [1]. Based on the cable 
warehouse data provided by SDG&E, a similar 30 m long XLPE open-ended cable was 
modeled in EMTP-RV. The result of the model simulation is shown in Fig. 3.2. 
From Fig. 3.2 and Fig. 3.3, it is seen that the transient signals were around 2 MHz 
range. Two cables, (1000 kcmil XLPE and 2/0 XLPE), which are present in the test radial 
feeder distribution system provided by SDG&E, were modeled, and a sample URD 
system of 762 meter was simulated in EMTP-RV. Additional results of captured time 







Figure 3.1 Open-ended 30 m cable model 







Figure 3.3 Voltage function time of voltage at thumper end (simulation) 
3.2 Non-Energized URD system model simulation and analysis 
Before proceeding to an energized URD system, a non-energized URD system of 
762 and 2590.8 meter was modeled and simulated, and the results were analyzed for 
better understanding of the transients. 
When a charged thumper is connected to the energized distribution cable, the 
applied voltage charges the cable, and the applied voltage impulse travels along the 
length of the cable with a velocity that depends on the L & C values of the cable. These 
impulses get reflected, refracted and split when they reach splices. The effect of the 
reflections is seen as oscillation of voltage and current at a single place with respect to
time. In order to extract the impedance value of the cable from the recorded transients, 
the entire oscillations have to be measured with greater accuracy. The non-energized
URD cable system model was simulated for 7 kV, 250 J, and Thumper’s discharge at the
starting of the radial feeder. The simulation was carried out using EMTP-RV. The results 
were analyzed using matlab. The model consists of 1000 kcmil XLPE 152.4 meter long 







R-L load through 3-phase transformers. The non-energized URD cable system gives a
starting reference to build a reliable model and a reference frequency spectrum of
oscillations. Frequency spectrums (Discrete Fourier Transform, DFT) of the voltage at 
various points are observed for 762 meter long and 2590.8 meter long URD cables 
system. Fig. 3.4 shows the schematic of the simulated URD system. 
Figure 3.4 Test URD system up to 2590.8 meter (8500 feet) 
For 762 meter long URD cable system simulation, peak voltage value occurs at 
the open end, Point F. It is nearly 15 kV, which is twice the applied thumper voltage. The 
initial impulse voltage arrives at 3.54 μs to 762 meter away from thumper, point F. This 
counts for the wave velocity of 215 m/μs. From the calculations presented in section 
2.1.2, the wave velocity is 200 m/μs. The initial impulse voltage reaching various 
locations keeps attenuating from 7 kV at thumper end to 0.45 kV at 762 meter from 
thumper end. 
Discrete Fourier Transform (DFT) of the signal was obtained using Fast Fourier 








voltage and current at all the waveforms, (example Fig. 3.6 and Fig. 3.7), magnitude of 
the voltage and current frequency components reduces to less than 1V and 1A, 
respectively, beyond 2 MHz. 
More number of frequency components can be seen for longer cable length due to 
more reflection points, but the oscillations amplitude reduces after 2 MHZ. The pulse 
reflections from the transformer end create more high frequency oscillations due to 
multiple reflections from load terminations. But the oscillations does not completely
changes the wave shape in the incoming and the outgoing cables, as the amplitude of the 
wave oscillation is less. The frequency spectrum of the current at the cable connecting to 
transformer has very low value as seen in Fig. 3.7. This suggests that the transformer de-
couples fast transients and appears as a high impedance reflection point. Additional 
results of captured time domain and frequency domain results are presented in Appendix 
B. 








Figure 3.6 Frequency spectrum of voltage at 152.4 meter from Thumper, Point B
Figure 3.7 Frequency spectrum of current at 304.8 meter from Thumper, radial cable 








3.3 Energized URD system model simulation and analysis 
To obtain the characteristics of the transients of the test URD system provided by
SDG&E, a typical 60 Hz, 12 kV, Energized URD system, (as shown in Fig. 3.8), was 
modeled in EMTP-RV. The model was simulated for different thumper voltage, thumper 
energy, different phase angle of power frequency at which the thumper is connected, 
thumper connected at various locations of URD, and system loaded at different loading 
conditions. By the results of these simulations, the characteristics of transients appearing 
on the URD upon thumper connections will be identified.  
Figure 3.8 12 kV Energized URD system 
The substation was modeled by step-down three phase transformers and three 
phase power source with source impedances representing the network beyond the 
substation. The load flow simulation was carried out prior to transient simulation to 
obtain the operating condition of the system. The substation bus was considered as slack
bus for load flow simulation. Cables were modeled by frequency dependent modal 
transformation matrix model by EMTP-RV. Thumper was simulated by charged 
capacitor and triggered sphere gap. 3-phase 12 kV/208V was modeled based on the 
transformer equivalent circuit with non-linear inductance representing saturation 
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characteristics of flux in the core. 0.8 pf lagging loads were modeled as an R,L,C parallel 
circuit model. R, L, C values were based on the static loading condition. 
3.3.1 Energized URD system model simulation for different thumper 
The induced transients are different for thumping the URD with various thumper 
capacitance and voltage. Since the URD is energized and online, the safe thumper voltage 
should be evaluated. The thumper impulse will be super imposed on the power frequency 
waveform. The thumper energy and voltage should be small that the transients created do 
not interfere with the protection scheme of URD. 
Simulations were run for the energized, lightly loaded URD system. Simulations 
were run for different thumpers as per Table 3.1. 







5.2 0.1 1.352 
5.2 1 13.52 
5.2 5 67.6 
5.2 10 135.2 
7.5 0.1 2.8125 
7.5 1 28.125 
7.5 5 140.625 
The simulations were performed for the thumper connected at Point ‘J’, 1371.6 
meter from the substation end. Fig. 3.9 & Fig. 3.10 shows the time domain results for the 
5.2 kV thumper. Fig. 3.11 & Fig. 3.12 show the time domain results for the 7.5 kV 







Fig. 3.9 and Fig. 3.11 show that the higher energy thumper produces transients 
which exist for more than 5 milliseconds. A thumper with capacitance more than 0.1 μF 
produces transients which changes the location of the peak of the power frequency 
voltage. Fig. 3.13 and Fig. 3.14 show that the increase in thumper voltage for the same
thumper capacitance increases the magnitude of the peak values and does not affect the 
transient waveform oscillations. The thumper of 5.2 kV and 0.1 μF, 1.352 J was preferred 
for rest of the experiments. 
Figure 3.9 Voltage function time for 5.2 kV thumper voltage and 0.1 μF, 1 μF, 5 μF & 






Figure 3.10 Thumper current function time for 5.2 kV thumper voltage and 0.1 μF,        
1 μF, 5 μF & 10 μF thumper capacitance 
Figure 3.11 Thumper voltage function time for 7.5 kV thumper voltage and 0.1 μF,       






Figure 3.12 Thumper current function time for 7.5 kV thumper voltage and 0.1 μF,        
1 μF, 5 μF thumper capacitance 
Figure 3.13 Thumper voltage function time for 5.2 kV & 7.5 kV thumper voltage and 




Figure 3.14 Thumper current function time for 5.2 kV & 7.5 kV thumper voltage and 
0.1 μF thumper capacitance 
3.3.2 Energized URD system model simulation for different phase angle 
triggering 
Induced transients are different when the thumper is connected at different angle 
of power-frequency. To find out best way to trigger the thumper, simulations were run for 
energized, lightly loaded URD system, as shown in Fig. 3.8. Simulations were run for 5.2 
kV, 0.1 μF thumper connected during the different phase angle of the power frequency at 
the place where thumper was connected.  
Fig. 3.16 & Fig. 3.17 show the time domain waveform at point ‘J’ due to firing 
the same energy thumper at different phase angle of the power frequency. Fig. 3.16 
shows that the peak voltage that appears at the thumper place is roughly 12 kV (for 







depends upon the difference between the voltage of the thumper and the voltage of URD 
at which the thumper is connected. The peak thumper current is 1900A momentary. The
steady state current which would be seen in the thumper due to capacitive load may reach 
a value of 0.5Arms maximum. As the triggering angle changes, the voltage and current 
transient duration changes, but the changes are very minimal for 15 degree and 0 degree. 
The transient duration lies within 5 ms for 15 degree and 0 degree of operation. The 
transient time of 30 degree is very small due to the large reduction in the transient’s 
magnitude, as seen by the small green transient in Fig. 3.16 and Fig. 3.17. This is same
for all the cases when the thumper is trigged at the power cycle voltage closer to the 
thumper voltage. 
Fig 3.15, frequency spectrum, shows that the obtained frequency response was
amplitude scaled. The frequency domain results of all the simulation cases have the same
frequency content with amplitude scaling. 
The voltage and the current transient duration changes depending upon the 
difference between the power frequency instantaneous voltage and thumper charged 
voltage. Thumping at zero (0) degree to 10 degree of power frequency is ideally 
preferred. If the difference in the voltage is less than 2 kV, measurement and recording of 
the transient would be difficult. Hence, recording measurements while connecting the 
thumper when power frequency will be at 15-45, 135-165 (positive thumper) and 195-
225 and 315-345 (negative thumper) degree are not preferred. These angles correspond to 
power frequency voltages of magnitude very close to that of thumper voltage and 
correspond to 16% of time period of power frequency. 
These observations suggest that a power frequency angle specific thumper 






the same time recording frequency domain impedance information. Thumping at any of 
the 84% of the power frequency produces the same results, which can be scaled during 
signal processing. 
Additional results of captured time domain and frequency domain results are 
presented in Appendix C.1. 
Figure 3.15 Single-Sided Voltage Amplitude Frequency Spectrum for Thumper 






Figure 3.16 Voltage function time for various thumper degree at point ‘J’ and triggered 
at various phase degree of power frequency 
Figure 3.17 Thumper current function time for various thumper degree at point ‘J’ and 







3.3.3 Energized URD system model simulation for different positions of URD 
In order to observe the transients appearing along the URD, simulations of the
URD are carried out for 5.2 kV, 0.1 μF thumper. The thumper is varied at 7 positions 
along the URD length. Simulations were run for the energized, lightly loaded URD 
system, as shown in Fig. 3.8. The least energy thumper (5.2 kV, 0.1 uf, 1.352 Joule) is 
considered to observe the effect of attenuation as the thumper moves away from Point ‘J’ 
to either side of Point ‘J’. Voltage and current are observed at the midpoint of the URD. 
The power frequency sinusoidal signal was removed from the voltage and current 
waveform and is presented in Fig. 3.18 and Fig. 3.19. The waveform presents the peaks 
in a time domain graph, showing the time at which the reflected wave from either side is 
observed. 
Fig 3.20 shows the attenuation of the impulse as it travels along the length of the 
URD every 152.4 meter. Fig. 3.18 & 3.19 shows that the peak voltage magnitude and 
current of transients were reduced by 1kV and 70 A as the thumper is moved 152.4 meter 
away from the observation point. The peak value is reduced by 1.9 kV and 120 A when 
the thumper was moved to 1371.6 meter away from the cable. For thumper at 1371.6 
meter, as shown by the black line in Fig. 3.18, voltage amplitude for every reflected
waveform has attenuated from 3.8 kV at source to 1 kV after travelling 2743.2 meter. The 
signal is attenuated by 30% as it reaches 152.4 meter. Additional results of captured time






Figure 3.18 Voltage function time for Thumper at Various Locations 






Figure 3.20 Voltage function time at various locations 152.4 meter apart 
3.3.4 Energized URD system model simulation for different loading conditions 
The simulations were run for the energized system to observe the effect of loading 
conditions. Uniform and non-uniform loading conditions were chosen based on the
ampere rating of the cable. The rated current capacity of the main feeder is 600 A, and 
the radial feeder is 200 A. Table 3.2 and 3.3 show the different loading conditions cases. 
In simulation, 5.2 kV, 0.1 μF thumper was connected at zero crossing of power frequency 
of the voltage at point ‘J’. 
Table 3.2 Simulation of uniform loading conditions 
Loading condition Main feeder current 
(A, rms) 
Radial feeder current  
(A, rms) 
Light loading 25 3 
Medium loading 250 29 







Table 3.3 Simulation of Non-uniform loading conditions 
Loading condition Main feeder current 
(A, rms) 
Non-uniform loading case 1: Heavy Load 
concentrated on point ‘M’, rest of the transformers 
are lightly loaded. 
65 
Non-uniform loading case 2 : Heavy Load added to 
case 1 at 152.4 meter from point ‘M’ 
187 
Non-uniform loading case 3 : Heavy Load added to 
case 2 at point ‘K’ 
229 
Fig. 3.21 and Fig. 3.23 show the voltage and thumper currents at point ‘J’ for
different uniform loading conditions. Fig. 3.22 and Fig. 3.24 show the voltage and 
thumper currents at point ‘J’ for different non-uniform loading conditions. Fig. 3.21 and 
3.22 show that the loading of the URD system does not significantly affect the voltage 
transient magnitude or duration. 
Fig. 3.23 and 3.24 show that the loading the URD system does not significantly 






Figure 3.21 Voltage function time for three types of uniform loading system 







Figure 3.23 Thumper current function time for three types of uniform loading system







Fig. 3.25, 3.26, 3.27, and 3.28 show the incoming cable end current and outgoing 
cable end current at the junction of thumper and cable feeders. From Fig. 3.25, 3.26, 3.27, 
and 3.28, it is clear that loading the URD system introduces power frequency bias to the
transients. When the power frequency current is removed from the response using 
MATLAB, the transients are the same for different loading conditions. This effect could 
be explained by the decoupling of the primary feeder network from the load by 
transformer for impulse voltages and currents. There are time shifts in these waveforms, 
which are due to the shift in triggering simulation time for different loading conditions 
due to phase angle changes of the bus voltage with respect to source voltage as reference. 










Figure 3.26 Current function time at outgoing cable end for three types of uniform
loading







Figure 3.28 Current function time at outgoing cable end for three types of non-uniform 
loading system 
3.3.5 Energized URD system model simulation for differential measurements 
During wide spread implementation of the recording devices, differential 
measurements of URD, measurements taken in two or more different locations, are 
preferred to improve noise immunity. In order to record transients in different locations,
the recorders should be either external triggered for synchronous measurements, or 
should be signal triggered for non-synchronous measurements. 
Simulations were carried out to find the response obtained for synchronous and 
non-synchronous method of recording of transients. Voltages at various places along the 
travel of the URD were recorded during the simulation of the energized URD for light 
loaded condition and when thumper is connected at Point J The synchronous method of 
transient recordings from simulations were time shifted to get self triggered 








waveform with reflected wave from either end was seen in both synchronous and 
non-synchronous measurement. 
Figure 3.29 Differential Measurement (V vs t) with the measurement on either side of
thumper, (Point B and Point K) shifted in time to represent non-




 Figure 3.30 Differential Measurement (V vs t) with the measurement on either side of
thumper (Point B and Point K) not shifted in time to represent synchronous 
differential measurement 
Both non-synchronous and synchronous measurement captures the transients. 
Synchronous triggering of recording system takes additional recording time and 
recording of more insignificant power frequency waveform prior to appearing transient 
impulse. Time-stamped non-synchronous recording could be extended by power 
frequency and can produce the same results of synchronous recording. Signal dv/dt 
triggering gives optimal use of recording instrument. Additional results of captured time 
domain and frequency domain results are presented in Appendix C.3. 
3.4 Quantization signal to noise ratio (SNR) level to determine the vertical 
resolution 
Transient recorder noise level due to LSB error was identified by Signal to Noise 
Ratio (SNR) of the quantizer used. Floor and hold quantizer were used in this study to 






SNR for number of bits from 10 to 22. The full scale value of 15 kV and 1000 A was 
considered for quantization of the transient current signal. The difference in the quantized 
waveform and the actual waveform gives the error associated with quantization. Fig. 3.31 
& Fig. 3.32 show the quantization error for voltage and current respectively. 
From the Fig. 3.31 & Fig. 3.32, as the vertical resolution (number of bits used per 
sample) was increased, the error drastically reduces from 10 bit to 14 bit. 16 bit is 
selected for vertical resolution.














Figure 3.32 Quantization error current for 10, 12, 14 & 16 bit vertical resolution of 
recorder 
Table 3.4 Signal to Noise Ratio (SNR) due to floor quantization for voltage and 
current at thumper 
No of bits SNR of voltage SNR of thumper current 
10 62 19.7 
11 68 27.4 
12 73.97 34.76 
13 80 40.4 
14 86.037 46.63 
15 92 52.5 
16 98.04 58.7 














Table 3.5 Signal to Noise Ratio (SNR) due to round quantization for voltage and 
current at thumper 
No of bits SNR of voltage SNR of thumper current 
10 76.7 16.2 
11 82.7 21.26 
12 88.76 28.44 
13 94.79 34.77 
14 101 40.02 
15 106.8 46.65 
16 112.85 52.71 
17 118.87 58.65 
3.5 Attenuation in cable 
The sample cable as shown in Fig. 2.1 of Section 2 examines the attenuation 
issues of the cable. The travelling wave equations of Eq. 2.2 – 2.6 were used to calculate 
the propagation constants. The attenuation at each length was plotted for all the 
frequencies up to a length of 3600 meter. The cable was considered infinitely long and 
did not have any bifurcation for the entire length. Fig 3.33 shows the attenuation in 
percentage, i.e. the percentage of signal attenuated for any length of the cable and 







Figure 3.33 Percent attenuation of signal of different frequency over the length of the 
cable (up to 3048 meter) 
The maximum distance from the point of pulse source, thumper, which has a good 
signal, was calculated based on dBV of attenuation. Thirty percent voltage magnitude 
attenuation corresponds to -3dBV. 
Hence the frequencies which gets attenuated more than 30%, -3 dBV at each 
length of the cable are plotted to have a better understanding of the signals which will be 
measured from a greater distance from the source. Since in an URD system, the signals 
were getting reflected, this helps us to analyze the signal with reflections. Fig 3.34 shows






Figure 3.34 Frequency vs Maximum length of cable for that frequency where signal 





PROPOSED MEASURMENT METHODOLOGY 
The measurement system consists of two parts. The first system is the thumper 
system. It is the source of induced transients, consists of a charged capacitor connecting 
to URD with protective devices. The second system is the measurement system. It 
consists of dividers and transformer, matching cables, and signal amplifiers with
protective system. The details of these components are presented in following sections. 
4.1 Thumper system 
• Based on analysis of induced transients by various thumper voltage and 
energy, a thumper of capacitor specification 5.2 kV, 0.1 μF, 1.352 J is 
selected to induce transients in SDG&E Radial URD system. 
• A safely grounded panel with rollers is selected to be used to house multi 
tap bus, the main circuit breaker and its protection relay, vacuum 
contactor, high frequency current transformer, control buttons for breaker 
and contactors, and power indicator lights. Fig. 4.1 shows the diagram of 
overall schematics of thumper and measurement system. 
• A safety Main Vacuum Circuit breaker (MB) for 15-20 kV with over 
current and over voltage relays, with supporting PT and CT is selected. 
The purpose of the main breaker is safety breaker for fault conditions 
within thumper system. This breaker should also be capable of 








• The thumper power frequency follow up current after switching transients 
has a value of less than 1A. A 15-20 kV vacuum contactor (C-A) with 
breaking capacity of more than 2A, trip relay and fuse arrangement is 
selected to break the circuit. A typical vacuum circuit contactor can break
the circuit within three cycles of power frequency after the signal is 
delivered to its trip relay. So, high speed vacuum contactors/relays, which 
can break within 1 power cycle, once the relay is triggered to open is 
selected for the purpose. 
• Multiway cable taps are selected to connect the thumper side measurement 
system, if there are no tap points available on the URD for the 
measurement system. 
• A high frequency current transformer (HFCT), a part of measuring system, 
is selected to install in the thumper panel to measure the thumper current. 
• Control switches and buttons for breaker and contactor and light indicators 
are selected to install into the main panel.
• Trigger signals will be generated from thumper and will transmit to main 
panel vacuum contactor relay to signal opening of vacuum contactor. 
• Cable load break elbows of 200A is selected to be used to connect the








Figure 4.1 Thumper connection circuit details 
4.1.1 Thumper operation
• Based on analysis, operating the thumper at phase angle degree other than 
15-45, 135-165, 195-225, and 315-345 is selected. This phase angle 
interval counts for 16% of power frequency time. Measurements at 84% 
time period of the power frequency produce scaled frequency response.
Hence measurements are repeated until the recorded transient peak voltage 
value is more than 2 kV. 
• Based on the measurement system recording, during signal processing, the 
recorded transients is selected to be time shifted and scaled to remove the 
effect of power frequency bias and scaling.
4.1.2 Thumper connection sequence 
1) Breakers, contactors, and thumpers are to be open prior connecting the 




    
 
 
2) The thumper is to be charged to required voltage (5.2 kV) and the 
charging DC source of the thumper capacitor is to be disconnected from
thumper capacitor by internal DC source thumper contactor. 
3) The Main Breaker (MB) is to be turn on allowing voltage from grid to 
pass onto the vacuum contactor. 
4) The contactor (C-A) is to be closed allowing power from grid to be 
available at the thumper end. 
5) The thumper can now be manually/electronically triggered to close the 
thumper contactor to make the circuit. This will create transients which 
propagates in URD. 
6) A 5 ms delay timer is selected to send open signal to contactor (C-A). 
C-A will break the circuit and the thumper will be isolated in 1 – 3 power 
frequency cycles. 
7) Main circuit breaker is to be turned off and thumper can be physically 
disconnected by using load break elbows. 
4.2 Measurement system requirements 
• On the basis of analysis, the voltage and current dividers are selected to
have a minimum bandwidth of 2-3 MHz and switching BIL same as that 
of the URD system The specifications of recording instruments in [40, 13] 
also has similar bandwidth. 
• From the analysis and frequency spectrum of voltage and current 
measurement, the minimum sampling rate, as per Nyquist criteria,  of 4-6 





• From the analysis of simulation, the maximum transient duration is found 
to be 5 ms. The recording instrument should have sweep time of 5 ms. 
Therefore the transient recording instrument is selected to record 20000-
30000 (32768) samples @ 4-6 MS/s. 
• Analysis revealed that signal to noise ratio (SNR) of recording instrument
for 16 bit vertical resolution is greater than 60 dBV. 16 bit of vertical 
resolution is selected based on simulations. This demands 32 kb of 
memory of 16 bit resolution @ 6 MS/s.  
• Non-synchronous, dv/dt triggering is selected for transient recorders to 
enable differential measurements at various points in cable. Recorded data 
will be time stamped. Few data points, prior to triggering of recorder, has 
to be recorded to capture the power system disturbances at which thumper 
is triggered. 
4.2.1 Measurement system connection diagram 
The connection methodology of measurement, recording and signal transmission 







Figure 4.2 Measurement and Recorder panel component details (at thumper end) 
Figure 4.3 Measurement and Transmitting panel component details 
4.2.2 Current Measurement 
• Thumper current measurement is located in the main panel. Based on






thumper. A wideband (High Frequency) CT which is capable of 
measuring current up to 5 MHz and peak current of 2000 A was selected 
for installation. 
4.2.3 Voltage Measurement 
• Voltage divider is to be installed in recorder panel. Based on analysis, 
peak voltage magnitude will rise up to 15-20 kV momentarily. The values
specified in [12] have similar ranges. A Wideband (High Frequency) 
voltage divider which is capable of measuring voltage up to 20 kV and has 
bandwidth up to 5 MHz is selected. 
• Because of the nature of differential measurements, a pair of matched 
voltage dividers which are capable of measuring up to 5 MHz of applied 
voltage were selected. 
• A main circuit breaker (MB2) for safety purpose is selected to be placed in 
recording panel, which can also be controlled manual/remote. 
• Matching cables are used to connect voltage divider to transient recorder. 
Measurements from either end of the cable are to be done with similar 
setup. Matched signal amplifiers will be used to amplify and transmit the 
signals from divider to the recorder every 152.4 meter. Twisted pair cable 
with good screening should be preferred to transmit signal from one end to 
another [5]. 
4.2.4 Recording issues and mitigation
• The measurements recorded in the transient recorder will shift in time due 





characteristics of the signal cable, this effect will be taken care in signal 
processing. 
• Triggering and recording of different channels of the transient recorder 
can be independent. The effects of signal propagation delay will be 
completely mitigated if the recorder saves the transients triggered by
individual dv/dt signal. 
• Signal cables (152.4 meter long) of same length is to be used to transmit 
the signal from either end of thumper to recorder. This will mitigate the 
problem of time delay associated with differential measurements. 
4.2.5 Noise issues and mitigation: Grounding 
• Common ground point will be implemented by solid grounding of all the 
equipments and recording instruments to a single ground point in URD. 
• Voltage measurement from other end of the cables will contain more 
noise, which cannot be avoided through grounding techniques. 
• Equipments need to have a proper electromagnetic shielding for  0-2 
MHz. Metal faraday cage will also be used for additional electromagnetic 
sielding [8]. 
4.2.6 Noise issues and mitigation: Calibration and noise level identification
• Several sets of system voltages and thumper currents at various angles of 
power frequencies will be recorded prior to trigger thumper. A similar set 






• The stored set of power frequency voltages and thumper current will 
contain valuable information about noise in the system. Signal processing 
tool should be used to identify the noise level based on the stored data 
[24]. The proper signal processing tools which will be required for 
calibration of noise will be identified based on the measurements of the 
pilot project.
4.2.7 Reflections and Attenuation issues 
• Analysis reveals that 2 MHz signals are getting attenuated below -3 dBV 
(30% attenuation) at 182.88 meter from source. 
• Until 152.4 meter of measurement, the attenuation is within -3 dBV for all 
frequencies of our interest. For 304.8 meter away from the source, the 
attenuation will be within -3 dBV for frequencies up to 0.5 MHz. 
• The reflected wave also gets damped and when it reaches the sources, it 
has travelled twice the distance and is damped more than 30%. There are 
also partial reflections and attenuations introduced in the measurements 
from the joints and every cable taps, hence, adding more complexities in
measurements beyond 152.4 meter to determine the state of cable 
insulation. Hence measurements are to be made every 152.4 meter on 










The idea behind this work is to identify a measurement system to create 
intentional transients in URD system and to measure the transient along the length of the 
cable. To have better understanding of the characteristics of the transients, simulations of 
12 kV Underground Residential Distribution system model in EMTP-RV were
conducted. First the model was simulated and the results were verified with the test 
results provided by SDG&E. The model was simulated without power frequency to 
observe the transients along the URD. Next the model was simulated with power 
frequency on it and different thumper capacitance values. This simulation were carried
out in order to obtain the best thumper values which induce measurable transients and at 
the same time do not induce harmful transients which will propagate along the URD. The 
simulations were carried out for different phase angle triggering of thumper to evaluate 
the effect of the power frequency voltage on thumper connection. The simulations were 
also carried out for different loading conditions to evaluate the effect of the loading of the
URD on measurements. By the analysis of the results of these simulations, characteristics
of the transients were listed. Based on the characteristics, the requirements of a 
measurement system were identified. The results were analyzed for differential 
measurements, and quantization noise. Based on all the analysis, a measurement system 





5.1 Future work 
In order to realize the ultimate goal of the work, a pilot project to build the 
measurement system and record the transients has to be setup. Measurement systems
required for the test have to acquire and build as per the specifications developed from 
the work. Measurements have to be taken for good, degraded, and neutral corroded power 
cables. Based on the pilot project recorded transients, signal processing of recorded data 
and statistical analysis of recorded data could be carried out in order to develop an ageing 
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A.1 Response of 1000 kcmil XLPE cable of 152.4 meter length, Non-energized, 
open-ended 








A.2 Response of the cable of 762 meter non-energized, open-ended with branching 
cable of 91.44 meter open-ended 
Figure A.2 762 meter (2500 feet) non-energized unloaded URD model







Figure A.4 Voltage at 457.2 meter, Point D 






Figure A.6 Current at thumper 






Figure A.8 Current at 304.8 meter 




NON-ENERGIZED UNDERGROUND RESIDENTIAL DISTRIBUTION SYSTEM 









B.1 Voltage and Current waveform at different points in the model as function of 
time, time domain results. (762 meter URD) 
Figure B.1 Voltage and Current at Thumper function time, Point A 









Figure B.3 Voltage function at 304.8 meter from Thumper, Point C. 
Figure B.4 Current function time at 304.8 meter from Thumper on incoming cable,  
Point C. 













Figure B.6 Current function time at 304.8 meter from Thumper on radial cable, Point 
C. 
Figure B.7 Voltage and Current function time at 457.2 meter from Thumper, Point D.









Figure B.9 Current function time at 609.6 meter from Thumper on incoming cable,  
Point E 
Figure B.10 Current function time at 609.6 meter from Thumper on outgoing cable,  
Point E 







B.2 Frequency content of Voltage and Current waveform, single-sided frequency 
spectrum at different points in the model as function of time, time domain 
results. (762 meter URD) 








Figure B.13 Frequency spectrum of voltage at 457.2 meter from Thumper, Point D






Figure B.15 Frequency spectrum of voltage at 762 meter from Thumper, Point F 






Figure B.17 Frequency spectrum of current at 152.4 meter from Thumper, Point B 
Figure B.18 Frequency spectrum of current at 304.8 meter from Thumper, incoming 






Figure B.19 Frequency spectrum of current at 304.8 meter from Thumper, outgoing 
cable, Point C 






Figure B.21 Frequency spectrum of current at 609.6 meter from Thumper, incoming 
cable, Point E 
Figure B.22 Frequency spectrum of current at 609.6 meter from Thumper, outgoing 








Figure B.23 Frequency spectrum of current at 609.6 meter from Thumper, radial cable 
to transformer, Point E
Figure B.24 Frequency spectrum of Voltage at 304.8 meter from Thumper, Point C of





ENERGIZED UNDERGROUND RESIDENTIAL DISTRIBUTION SYSTEM MODEL 






C.1 Simulation of the energized URD for different phase angle trigger connection 
of thumper. 
Figure C.1 Single-Sided Current Amplitude Frequency Spectrum for Thumper, 






Figure C.2 Single-Sided Voltage Amplitude Frequency Spectrum for Thumper, 
triggered at various phase degree of power frequency, scaled by the ratio of 
difference between thumper voltage and power frequency instantaneous 
voltage 
Figure C.3 Single-Sided Current Amplitude Frequency Spectrum for Thumper, 
triggered at various phase degree of power frequency, scaled by the ratio of 






C.2 Simulation of the energized URD for thumper connected at different positions 
of the URD 
In simulation results, the transients exist for 5 ms. This gives the total transient 
time, which is needed to be captured by the recording instrument. From  Fig. C.4 & 
C.5, the frequency spectrum exits untill 3 MHz. However, the magnitude of the current 
and voltage spectrum beyond 2 MHz displays negligible value. This specifies the 
minimum sampling rate required by the recording instrument of 4 - 6 M Samples/second 
as per nyquist criteria. 







Figure C.5 Single-Sided Current Amplitude Frequency Spectrum for Thumper at 
Various Locations 
C.3 Simulation of energized URD for differential measurements 
Voltages were recorded at various places along the travel of the URD. They were 
recorded during the simulation of the energized URD for light loaded condition and when 
thumper was connected at Point J. The impulse travelled to other measurement positions
of the cable. The analysis of recorded transients at various locations of cable for 
differential measurements could be performed by either non-synchronous voltage 
triggering or synchronous external triggering. From Fig. C.6 and Fig C.8, this effect of
matching waveform until reflected wave from either end was seen in both synchronous 






Figure C.6 Single-Sided Voltage Amplitude Frequency spectrum for Differential 
Measurement with the measurement on either side of thumper (Point B and 
Point K), shifted in time to represent non-synchronous differential 
measurement 
Figure C.7 Single-Sided Voltage Amplitude Frequency spectrum for Differential 
Measurement with the measurement on either side of thumper (Point B and 
Point K) not shifted in time to represent synchronous differential 
measurement 
80 
